Food webs in arid zone rivers 2 SUMMARY 1. Many Australian inland rivers are characterised by vast floodplains with a network of anastomosing channels that interconnect only during unpredictable flooding. For much of the time, however, rivers are reduced to a string of disconnected and highly turbid waterholes. Given these features, we predicted that aquatic primary production would be light limited and the riverine food web would be dependent on terrestrial carbon from floodplain exchanges and direct riparian inputs.
Introduction
Aquatic invertebrates, fish and other consumers in small forested streams are considered to be strongly dependent on inputs of carbon and nutrients from the surrounding catchment, especially from the fringing riparian zone (Cummins, 1974; Vannote et al., 1980; Gregory et al., 1991) . In-stream primary production is often limited by shading from the dense riparian canopy (Feminella, Power & Resh, 1989; Boston & Hill, 1991) and, with some exceptions (e.g. Rosenfeld & Roff, 1992; Bunn, Davies & Mosisch, 1999) , contributes little to the stream food web. In more sparsely vegetated biomes and in larger streams and rivers, however, this direct riparian regulation of in-stream primary production is markedly reduced and aquatic plants may provide an important source of organic carbon for consumers (Finlay, 2001 ).
In the case of larger river systems, however, our understanding of these fundamental ecosystem processes is poor in comparison to their small forest stream counterparts (Johnson, Richardson & Naimo, 1995) .
Current models of large river ecosystem function vary considerably in their predictions of the relative importance of terrestrial and in-stream production to aquatic food webs. The river continuum concept (RCC) (Vannote et al., 1980) emphasizes the importance of terrestrial carbon and nutrients " l e a k e d " f r o m u p stream processes to the structure and function of lowland river reaches.
Middle-order reaches, where the direct effects of riparian shading are diminished, may have an increased dependence on in-stream primary production. However, fine
Food webs in arid zone rivers 4 particulate organic matter is thought to be the principal carbon source supporting food webs in downstream reaches, and much of this is considered to be derived from upstream processing. Direct inputs of leaf litter and other coarse particulate organic matter from adjacent riparian vegetation are thought to be minor and, in larger rivers, in-stream primary production is limited by turbidity and light attenuation associated with depth (Vannote et al., 1980) .
In contrast, the flood-pulse concept (FPC) (Junk, Bayley & Sparks, 1989; Bayley, 1995) emphasizes the importance of lateral river-floodplain exchanges and proposes that riverine food webs are more dependent on production derived from the floodplain than on organic matter transported from tributaries upstream. During floods, aquatic animals migrate out onto the floodplain and exploit newly available habitats and their resources.
As the floodwaters recede, carbon and nutrients together with newly produced animal biomass are returned to the main river channel (Johnson et al., 1995) .
The riverine productivity model (RPM) provides an alternative view of ecosystem function in large rivers (Thorp & Delong, 1994) , and highlights the importance of local in-stream production (phytoplankton, benthic algae, and other aquatic plants) and, to a lesser extent, direct inputs of organic matter from the adjacent riparian zone. Thorp and Delong (1994) further argue that the previous two models of large river ecosystems underestimate the role of autochthonous sources and have over-emphasized the relative importance of terrestrial organic matter from both headwater streams (RCC) and floodplains (FPC). Although the RPM was originally proposed for highly regulated river systems that have been effectively isolated from their floodplains, Thorp and Delong (in press ) propose that this model may also be more broadly applicable to unregulated, floodplain rivers.
Many large inland rivers in Australia feature extensive floodplains and a network of anastomosing channels and distributaries that provide a far greater terrestrial-water interface than would occur with a single large channel (Walker, Sheldon & Puckridge, 1995) . The rivers have highly variable and unpredictable flow regimes (Puckridge et al., 1998; Thoms & Sheldon, 2000) and, when they do flow, often occupy vast floodplains (Graetz, 1980) . Perhaps not surprisingly, the FPC has been thought to provide an appropriate framework for understanding ecosystem processes in these rivers (Walker et al., 1995) . However, although renowned for episodic floods, these dryland rivers (sensu Davies et al., 1995) exist for much of the time as a string of disconnected and highly turbid waterholes that act as refugia for aquatic organisms and other wildlife dependent on permanent water (Morton, Short & Baker, 1995; Bunn & Davies, 1999) . The river water remains highly turbid, even during the long periods between flood flows.
Given these features, we predicted that the aquatic food web of dryland rivers would be dependent on energy and nutrients derived from extensive floodplain exchange during floods, and by continual input from riparian vegetation along the vast network of channels during the dry. We also predicted that aquatic plant production should be limited by low light penetration in the highly turbid water and thus make only a minor contribution to the aquatic food web. To test these predictions, we measured rates of benthic primary production and respiration and sampled primary sources of organic carbon and consumers for stable isotope analysis in several waterholes at four locations within the Cooper Creek system in central Australia.
Methods

Study sites
Cooper Creek, formed by the confluence of the Thomson and Barcoo rivers, is the one of the major rivers of the Lake Eyre Basin in central Australia, draining an area of approximately 296,000 km 2 , from the Great Dividing Range in Queensland to Lake Eyre in South Australia (Anon., 1998; Fig. 1 ). The catchment lies in the arid region of Australia and much of the area receives less than 400 mm average annual rainfall (Anon., 1998). Although rainfall in this region is generally associated with summer monsoons, it has a very high inter-annual variability and the Cooper has one of the most variable and unpredictable flow regimes of any river in the world of comparable size (Knighton & Nanson, 1994; Puckridge et al., 1998; Knighton & Nanson, 2001 Like most dryland rivers in this region, the Cooper catchment is characterised by a network of anastomosing channels and distributaries that interconnect only during episodic floods and approximately 35% of the catchment is considered to be floodplain (Graetz, 1980; Gibling, Nanson & Maroulis, 1998) . These floods can cover tens of thousands of square kilometers and take many weeks to travel down the extensive floodplain system of channels and wetlands. For example, the April 1990 flood inundated some 26,000 km 2 downstream of the junction of the Thomson and Barcoo rivers (Anon., 1998). Mean annual evaporation exceeds 3 m and, together with transpiration and groundwater recharge, result in substantial transmission losses below
Windorah that can account for more than two thirds of the discharge by the time it reaches Innamincka, on the South Australian border ( Fig. 1 ; Anon., 1998).
Floodplain vegetation in these areas consists of short grass and forb associations and lignum associations (Boyland, 1984; Capon, 1998 
Benthic metabolism
Benthic gross primary production (GPP) and respiration (R 24 ) were measured at each site by monitoring dissolved oxygen within in situ perspex chambers over 24 hours (e.g. Bott et al., 1978 , Bunn et al. 1999 . Open-bottom perspex chambers (diameter = 29.5 cm, height = 35 cm) were sealed by pushing at least 10 cm into the soft substrate. All chambers had a central port for the polarographic oxygen sensor (TPS model 601) and side ports for a 12V recirculating pump. Dissolved oxygen and temperature within each chamber was monitored electronically over at least 24 h at 10-minute intervals and stored in a data logger (Wesdata model 389). These data were converted into units of carbon assuming a photosynthetic quotient of one (Lambert, 1984; Bender et al., 1987) and 1 mg O 2 = 0.375 mg C. After the end of the measurement period, the volume of water enclosed by each chamber was measured in situ to determine absolute rates of metabolism.
Rates of benthic metabolism were determined for two major habitats; the shallow littoral zone with a visible band of benthic algae and the deeper (>35 cm) main channel.
Where possible at littoral sites, the chambers were pushed deep into the substrate so that measurements were made in as shallow water as possible. The mean depth of the littoral samples was 18 cm (SEM = 2.6 cm). Replicate chambers were deployed in each habitat at each site and time, however, in some instances data from one of the replicates was lost due to logger or pump failure. The proportion of each habitat was estimated for several transects across the channel at each site. Mean values of GPP and P/R were scaled-up to overall waterhole values by determining the proportional representation of each habitat (littoral or channel).
Dissolved oxygen and temperature were also measured at 10 minute intervals in the surface water, mid-channel at each site over the same 24 hr period using a TPS (model Differences in benthic metabolism at each area, season and habitat were tested by a three-way ANOVA. Data were, where necessary, transformed prior to analyses and the magnitude of treatment effects was calculated to determine the relative importance (as a percentage) of the significant main effects (Winer, 1971) .
Collection of primary sources and consumers
Major primary sources of organic carbon (terrestrial and aquatic) were collected from each site and, in the case of the Mayfield sites only, on both occasions. Newly abscised leaves from the major riparian trees (mostly Eucalyptus camaldulensis and E. coolibah)
were collected by hand. Samples of benthic detritus were collected with a kick net and Cherax destructor). We sampled these conspicuous consumers with a small seine net and benthic traps. However, very few aquatic insects were found, even using a kick-net (250  m mesh). Those collected included odonate larvae (mainly Gomphidae), beetles (Dytiscidae) and, in some leaf packs, chironomid larvae (Chironominae). We also collected freshwater clams (Corbiculinidae: Corbiculina) and mussels (Hyriidae:
Velesunio spp) by hand. Zooplankton (mostly calanoid copepods) was sampled at dusk by towing a 250  m plankton net across the surface of the waterhole. Hypseleotris spp.) and one introduced species (Gambusia affinis) were collected by seine net. Small samples of shell were removed from two turtles (Emydeura macquarii) caught in September 1996 and the animals returned alive to the waterholes.
Where possible, three replicate samples of each source and consumer were collected from each site. Animal and plant samples were refrigerated immediately and then frozen as soon as possible and stored for isotope analysis.
Sample preparation and analysis
Primary sources were rinsed in distilled water in the laboratory and oven-dried at 60 C for 36-48 h. The dried material was then ground to a powder-like consistency in a ring grinder.
Macrobrachium exoskeletons and mollusc shells were removed to prevent possible contamination from non-dietary carbonates. The digestive tracts of Macrobrachium were also removed as they could represent a significant source of contamination from unassimilated material. Samples of Cherax muscle tissue were taken from crayfish claws or, in the case of smaller individuals, from the tail. Half of each zooplankton sample collected was treated in 10% HCl for approximately two hours to remove carbonates from exoskeletons for  13 C analysis. The remaining sample was not treated in acid and was used for  15 N analysis (Bunn, Loneragan & Kempster, 1995) . Aquatic insects were prepared whole and pooled for each site. Macrobrachium, snail and clam samples were also pooled for each site (8 -30 individuals).
Samples of muscle tissue were filleted from each fish, in each case recording total body length. Most fish samples analyzed were from single individuals, however, in the case of small specimens, a few individuals (2-15) were pooled. Samples of liver and bone were also removed from eight of the larger predatory fish (four yellowbelly
Macquaria and four spangled perch Leiopotherapon) to examine possible temporal changes in isotope ratios associated with shifts in diet (Hesslein, Hallard & Ramlal, 1993) . All animal samples were oven-dried at 60 C for 24 h and ground by hand with a mortar and pestle.
Dried, ground samples were oxidized at high temperature and the resultant CO 2 and N 2 were analyzed for %C, %N and stable isotope ratios with a continuous-flow isotoperatio mass spectrometer (Europa Tracermass and Roboprep, Crewe, England). Ratios of 13 C/ 12 C and 15 N/ 14 N we r e e x p r e s s e d a s t h e r e l a t i v e p e r mi l ( ‰) d i f f e r e n c e b e t we e n t h e sample and conventional standards (PDB carbonate and N 2 in air) where:
Where X = 13 C or 15 N and R = 13 C/ 12 C or 15 N/ 14 N.
Me a s u r e me n t p r e c i s i o n wa s a p p r o x i ma t e l y 0 . 1 a n d 0 . 3 ‰ f o r 13 C/ 12 C and 15 N/ 14 N, respectively.
S i mp l e r e l a t i o n s h i p s b e t we e n δ
13
C a n d δ 15 N signatures of fish, and between stable isotope signatures and fish size were examined using Pearson correlations. Where possible, a three-source mixing model using δ 13 C a n d δ 15 N signatures of CPOM, plankton and benthic algae was used to estimate their relative importance to major consumers (Phillips, 2001; Phillips & Gregg, 2001) . At most sites, however, a two-source linear mixing model based on δ 13 C signatures of CPOM and benthic algae was used (Bunn, Davies & Kellaway, 1997; Phillips, 2001) .
Results
Production and respiration
The shallow littoral margins of the larger waterholes were characterised by a conspicuous, albeit, restricted band of epipelic filamentous algae, composed largely of blue-green algae (Schizothrix), green algae (Spirogyra and Oedogonium), and some diatoms (e.g. Navicula, Melosira). This algal zone had consistently high rates of both gross primary production (GPP) and respiration (R 24 ) ( Table 2 ). The high rates of R 24 are undoubtedly the result of high algal respiration, rather than from decomposition of terrestrial organic matter, given the observed strong relationship between GPP and R 24 (r 2 = 0.87, p < 0.001).
In contrast, benthic production and respiration in the deeper channels were both low (< 90 mg C m 2 day -1 ) ( Table 2 ). The P/R ratios (GPP: R 24 ) showed that the littoral region of the waterholes was a major producer of carbon (i.e. P/R>1) whereas the midchannel habitat was a net consumer (P/R<1). Even though the shallow littoral zone of the permanent waterholes represented between 4 % (Tanbar) and 8 % (Barcoo) of the total benthic habitat, primary production was so high that almost all of the waterholes were producers of organic carbon. There was little inter-annual or site differences in benthic metabolism and by far the most variation in the ANOVA model was explained by habitat differences (Table 3) .
Stable isotope analysis of the food web
Benthic algae were consistently more 13 C-enriched than any other primary sources, though showed considerable variability across the sites (-14.5 to -2 4 . 2 ‰, T a b le 4). Samples of benthic coarse particulate organic matter (CPOM) had similar mean  13 C values (-26.8 to -3 2 . 7 ‰) t o l e a v e s c o l l e c t e d f r o m r i p a r i a n t r e e s ( -26.6 to -3 1 . 6 ‰) a n d
Mean
showed less variability in  15 N values (Tables 4 & 5) . Benthic fine particulate organic matter (FPOM), however, was typically 3-6 ‰ mo r e 13 C-enriched than CPOM, suggesting a potential contribution of algal carbon (Table 4 , Fig. 2 ).
Zooplankton samples were also relatively 13 C-depleted compared with benthic algae
with similar values to terrestrial organic matter (Table 4 ) but were more 15 N-enriched, considerably so at some sites (e.g. Mayfield and Barcoo-Welford, Table 5 ).
Unfortunately, no plankton samples were collected at the Kyabra sites.
Mussels and clams had carbon isotope signatures consistent with either a terrestrial carbon or plankton source (Table 4 , Fig. 2 ), but were considerably 15 N-depleted in comparison to the latter (Table 5) . Although snails at Murken waterhole had carbon and nitrogen isotope signatures consistent with a benthic algal source in September 1996 (Tables 4 & 5) , this was not the case in May 1997 (Figure 2b ). However, other conspicuous invertebrate consumers, such as shrimp (Macrobrachium) and crayfish (Cherax), had  13 C values similar to benthic algae at all sites (Fig. 2 , Table 4 ). The single pooled sample of chironomid larvae collected from leaf packs in Murken waterhole showed the most unusual carbon isotope signature of any of the consumers and was substantially more 13 C-depleted than any of the measured primary sources ( 13 C = -5 4 . 7 ‰) .
Of the fish, Barcoo grunter (Scortum), spangled perch (Leiopotherapon), yellowbelly (Macquaria) and catfish (Neosilurus) had relatively 13 C-enriched mean carbon isotope signatures, consistent with an ultimate dietary source of benthic algae (Fig.2, Table 4) . Similarly, the two samples of turtle shell (Emydeura) also reflect a long-term feeding history on a 13 C-enriched diet (Table 4) Liver and bone samples of predatory fish (Macquaria and Leiopotherapon) were 13 C-depleted compared with muscle tissue (1.8  0 . 5 ‰ a n d 1 . 5  0 . 2 ‰, r e s p e c t i v e l y ) .
However, stable nitrogen isotope signatures of liver and bone samples showed no obvious difference to muscle tissue (0.2  0 . 3 ‰ d e p l e t i o n a n d 0 . 4  0 . 2 ‰ e n r i c h me n t , respectively).
Relationships between stable carbon isotope values of consumers and primary sources
If benthic algae were an important source of organic carbon for the aquatic food web, we would expect the variability in  
Relationships between stable carbon and nitrogen isotope values of consumers
Mo s t s p e c i e s o f f i s h s h o we d a s i g n i f i c a n t n e g a t i v e r e l a t i o n s h i p b e t we e n δ
13
C a n d δ 15 N values (Table 6 ). In other words, 13 C-depleted individuals were also 15 N-enriched, and were more similar to zooplankton isotope signatures than to CPOM or FPOM (Fig. 2) .
One possible explanation for this pattern is that it is size related and the 13 C-depleted individuals were also larger and feeding h i g h e r i n t h e f o o d we b ( h e n c e t h e e l e v a t e d δ 15 N values). This was not the case, however, and only one species (Retropinna) showed a p o s i t i v e r e l a t i o n s h i p b e t we e n b o d y s i z e a n d δ 15 N values (Table 6 ). Of particular interest, was the observed negative relat i o n s h i p b e t we e n δ 15 N values and body size for bony bream (Nematalosa), which suggests that larger individuals of this species were feeding lower in the food web. Larger individuals of this species and rainbowfish (Melanotaenia) also tended to be more 13 C-enriched (Table 6) .
Contribution of benthic algal carbon to consumer biomass
Estimates derived from the mixing models suggest an important contribution of benthic algal carbon to the biomass of most consumers, irrespective of whether the second primary source endpoint was zooplankton or terrestrial organic matter (Table 7) . On average, most consumers derived at least 50% of their biomass from benthic algae and several species derived more than 70% across the study sites. The most notable exception was bony bream (Nematalosa) which, on average, derived only 25% of its biomass carbon from benthic algal sources. It is worth noting that the estimated contribution of algal carbon to consumer biomass in Murken sites was lower in
September 1996 compared with May 1997 (Table 7) .
At those sites where it was possible to estimate the relative contributions of all three sources, using 
13
C a n d δ 15 N values, it was apparent that terrestrial organic carbon was the other major contributor to the isotope signatures of crayfish (Cherax), shrimp (Macrobrachium) and catfish (Neosilurus spp). In contrast, zooplankton was the other major contributor to the diets of predatory fish, especially spangled perch (Leiopotherapon), Barcoo grunter (Scortum), yellowbelly (Macquaria), rainbowfish (Melanotaenia) and smelt (Retropinna). The isotope signatures of bony bream (Nematalosa) appeared to reflect a more even contribution of the three sources.
Discussion
Productivity of waterholes
Despite the extremely high natural turbidity, rates of benthic primary production along the littoral margins of waterholes of the Cooper Creek system were among the highest recorded for streams and rivers (Davies 1994; Bunn et al., 1997; Lamberti & Steinman, 1997 
Role of benthic algae in the food web
De s p i t e i t s l i mi t e d e x t e n t , t h i s ' b a t h t u b r i n g ' o f b e n t h i c a l g a e wa s c l e a r l y t h e mo s t
important source of organic carbon for consumers in waterholes. Many consumers had 13 C-enriched isotope signatures reflecting a major contribution of this source to their biomass carbon. Furthermore, isotope signatures of some abundant consumers, particularly Macrobrachium, tracked observed spatial and temporal variability in benthic algal carbon signatures. Although the utility of carbon isotope tracing techniques has been questioned in the study of freshwater ecosystems because of the lack of a single consistent algal endpoint value (France, 1996) , such relationships between consumers and algal isotope values provide compelling evidence of the importance of this source (Finlay, 2001 ). This is especially true when it is clear that similar relationships do not exist for other potential primary sources.
The small differences observed between the stable isotope signatures of slow to fast turnover tissues (bone, muscle, liver) in predatory fish are more likely to reflect differences in tissue composition (e.g. lipid concentrations) rather than changes in diet isotope signatures over time (Hesslein et al., 1993) . For example, the observed difference between liver and muscle tissue is similar to that observed in fish reared on commercial feed (Pinnegar & Polunin, 1999) . If anything, we would expect slow turnover tissue samples of fish caught in May 1997 to be more 13 C-enriched, given the higher  13 C values for algae and consumers in September 1996 at the Murken waterhole.
It is also worth noting that the two samples of turtle shell also reflect a long-term feeding history on a 13 C-enriched source. Furthermore, conventional diet analysis of fish subsequently collected from these waterholes confirms a significant contribution of zooplankton (especially calanoid copepods) to the diet of predatory fish species (unpublished data).
Importance of other primary sources
It is interesting to note that the size-related shifts in  13 C and  15 N values of bony bream (Nematalosa), reflect a decreased dependence on plankton and a greater dependence on benthic algae and terrestrial detritus as they get larger. Dietary studies of this widespread and abundant species have previously suggested such a shift from planktivory to benthic detrital feeding (Allen, 1989) . Similarly, rainbowfish (Melanotaenia) appear to shift to feeding from plankton to benthic sources as they get larger.
Due to the high concentrations of suspended sediment, we were unable to filter and isolate samples of phytoplankton and, as a consequence, were unable to identify the ultimate carbon source for zooplankton. We assume that phytoplankton were the likely source for several reasons. The surface water of waterholes in the mid channel was often supersaturated in dissolved oxygen during the day and O 2 -depleted during the late evening, suggesting high rates of primary production in the water column that cannot be attributed to the narrow benthic algal zone alone. Conspicuous blooms of phytoplankton also have been observed on the water surface of waterholes on occasions when there was little wind.
Despite the extensive riparian interface along the network of anastomosing channels and distributaries and the renowned floods that inundate vast floodplains, terrestrial carbon did not make an important contribution to the food web in the waterholes.
Although it was the likely other endpoint for crayfish (Cherax), shrimp (Macrobrachium) and catfish (Neosilurus), the mixing model data suggest only about 20% of the biomass carbon of these species was of terrestrial origin. The relative high  15 N values of the former two groups suggest that this contribution could be of animal origin rather than directly from leaf litter inputs. More sedentary primary consumers, such as mussels (Velesunio) and clams (Corbiculina) were the only taxa with isotope signatures consistent with a terrestrial (C3) source.
There is also evidence that some organic carbon from riparian leaf litter makes its way into the aquatic food web via methanogenic and methanotrophic bacteria. The extremely 13 C-depleted values for chironomid larvae ( 13 C = -5 4 . 7 ‰) c o l l e c t e d f r o m benthic leaf packs in Murken waterhole can only have arisen through assimilation of methanotrophic bacteria (see Bunn & Boon, 1993; Jones et al. 1999; Kiyashko, Narita & Wada, 2001 ). This cannot be a major microbial pathway, however, because no higher order consumers show 13 C-depletion beyond that of terrestrial organic matter and plankton.
Models of ecosystem processes in large rivers
These findings are clearly not consistent with predictions of two of the previously proposed ecosystem models of large rivers. There is no evidence of a strong dependence of the aquatic food web on direct riparian inputs to waterholes or from the many thousands of kilometers of small distributaries and anabranch channels upstream, as might be predicted by RCC (Vannote et al., 1980) . Furthermore, despite the high turbidity in the waterholes, autotrophic production was still very high.
Similarly, episodic floods may re-distribute large amounts of terrestrial organic matter between the floodplain and the channels but this material does not find its way into the aquatic food web, as would be predicted by the FPC (Junk et al. 1989 ). This is not to say that floods are unimportant to other aspects of aquatic ecosystem function (e.g.
the supply and mobilization of nutrients), the provision of extensive wetland habitat for waterbirds or to recruitment and dynamics of populations of fish and invertebrates (Walker et al., 1995; Kingsford, Curtin & Porter, 1999; Puckridge, 1999; Roshier, Robertson & Kingsford, 2002) .
There is a growing body of evidence that microalgae are major drivers of aquatic food webs in large floodplain river systems, despite their apparently minor contribution to the total organic carbon pool compared with aquatic macrophytes and terrestrial sources (Forsberg et al., 1993; Hamilton, Lewis, & Sippel 1992; Thorp et al., 1998; Benedito-Cecilio et al., 2000; Lewis et al., 2001; Thorp & Delong, in press ). Previous McGraw Hill, Tokyo. Table 3 Three-way ANOVA on GPP, R 24 and P/R by location (n = 4), year (n = 2) and habitat (n = 2). GPP and R 24 data were normalized by log (ln) transformation and P/R data were arcsine transformed. Table 5 Stab l e n i t r o g e n i s o t o p e r a t i o s ( ‰) o f s o u r c e s a n d c o n s u me r s f r o m t h r e e s i t e s a t e a c h o f f o u r l o c a t i o n s i n t h e C o o p e r C r e e k s y s t e m.
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